




















Search with EGRET for a Gamma Ray Line from the Galactic Center
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We search data from the Energetic Gamma Ray Experiment Telescope (EGRET) for a gamma-ray
line in the energy range 0.1–10 GeV from the 10◦× 10◦ region around the Galactic center. Our null
results lead to upper limits to the line flux from the Galactic center. Such lines may have appeared
if the dark matter in the Galactic halo is composed of weakly-interacting massive particles (WIMPs)
in the mass range 0.1–10 GeV. For a given dark-matter-halo model, our null search translates to
upper limits to the WIMP two-photon annihilation cross section as a function of WIMP mass. We
show that for a toy model in which Majorana WIMPs in this mass range annihilate only to electron-
positron pairs, these upper limits supersede those derived from measurements of the 511-keV line
and continuum photons from internal bremsstrahlung at the Galactic center.
PACS numbers: 95.85.Pw, 95.35.+d, 98.35.Gi
I. INTRODUCTION
Weakly-interacting massive particles (WIMPs) provide
promising candidates for the dark matter in Galactic ha-
los [1, 2, 3]. The most deeply explored WIMP candidate
is the neutralino, the lightest superpartner in many su-
persymmetric extensions of the standard model [4]. Al-
though the favored mass range for neutralinos is usually
& 10 GeV, there are other WIMP candidates with masses
in the 0.1–10 GeV range. For example, neutralinos with
masses as low as 6 GeV are plausible if gaugino unifica-
tion is not assumed [5]. Neutralinos with masses as low as
100 MeV are plausible in the next-to-minimal supersym-
metric standard model (NMSSM) [6, 7]. Also, scalar and
spin-1/2 particles with masses in the MeV range have
been considered [8] to explain the 511-keV gamma-ray
line observed by INTEGRAL.
One way to detect WIMPs is to search for monoen-
ergetic gamma rays, with energies equal to the WIMP
mass mχ, produced by pair annihilation of WIMPs in
the Galactic halo [9]. Such a line spectrum could be
easily distinguished from the continuum spectrum from
more prosaic gamma-ray sources (e.g., cosmic-ray spalla-
tion), and thus serve as a “smoking gun” for dark-matter
annihilation.
Since the dark-matter density is highest at the Galac-
tic center, the flux of WIMP-annihilation photons should
be greatest from that direction. On the other hand, the
continuum background should also be highest from the
Galactic center. We estimate that for a Navarro-Frenk-
White profile [10], the WIMP-annihilation flux from the
10◦ × 10◦ region from the Galactic center should ex-
ceed that from the Galactic anticenter by a factor ∼100,
while the flux of cosmic-ray–induced photons at energies
O(GeV) is only about 8 times higher from the Galac-
tic center than from the Galactic anticenter. Thus, the
Galactic center is the preferred place to look for a WIMP-
annihilation signal. It is also the location of the 511-keV
anomaly that has motivated the consideration of lower-
mass WIMPs.
In this paper, we search data from the Energetic
Gamma Ray Experiment Telescope (EGRET) [11] on
the Compton Gamma Ray Observatory (CGRO) for a
gamma-ray line in the energy range 100 MeV to 10 GeV
from a 10◦ × 10◦ region around the Galactic center. We
found no evidence for a gamma-ray line from the Galac-
tic center in this energy range. From these null results,
we can bound the cross section 〈σv〉γγ for WIMP anni-
hilation to two photons for WIMPs in this mass range.
The plan of our paper is as follows: In Section II, we
discuss how EGRET data are cataloged. In Section III,
we reconstruct from the EGRET data the differential flux
of photons as a function of energy. In Section IV, we fit
to the data a model of the flux produced by cosmic rays
and point sources near the Galactic center. In Section V,
we search for a line excess of photons from WIMP annihi-
lation. In Section VI, we report upper limits to 〈σv〉γγ as
a function ofmχ for WIMPs within the mass range of 0.1
GeV to 10 GeV for a variety of dark-matter-halo models.
In Section VII, we show that in a toy model in which the
WIMP annihilates only to electron-positron pairs, this
upper limit is stronger over this mass range than lim-
its derived from the 511-keV line and from lower-energy
continuum gamma rays from internal bremsstrahlung.
II. SOURCE OF DATA
We obtained publicly available data from the CGRO
Science Support Center (COSSC).1 We used the EGRET
photon lists (QVP files), which contain event lists of all
photons detected during a given viewing period. The
data that we used from these files are the photon’s Galac-
tic latitude, Galactic longitude, zenith, energy, and en-
ergy uncertainty. We also required the exposure files,
which contain the detector’s effective area multiplied by
the viewing time of the detector for a particular view-
ing period multiplied by EGRET’s 1-sr field of view.
1 http://cossc.gsfc.nasa.gov/docs/cgro/cossc/egret/
2TABLE I: Energy range for each energy bin.











TABLE II: Viewing periods used in analysis.
5.0 7.2 13.1 16.0 20.0 23.0 24.0 24.5
25.0 27.0 35.0 38.0 42.0 43.0 207.0 209.0
210.0 214.0 217.0 219.0 223.0 226.0 229.0 229.5
231.0 232.0 302.3 323.0 324.0 330.0 332.0 334.0
336.5 339.0 403.0 421.0 422.0 423.0 423.5 429.0
The exposure is provided as a function of latitude, lon-
gitude, and energy range. We also obtained the counts
files, which contain the number of photons at various
spatial coordinates and energy ranges within a viewing
period. The energy bins, along with their respective en-
ergy ranges, are listed in Table I. Also listed in Table I
are the half-bin sizes.
III. CONSTRUCTION OF GAMMA RAY FLUX
We begin by constructing the photon differential flux
as a function of energy. We use data only from a square
region on the sky centered at the Galactic center from
−5◦ to 5◦ Galactic longitude and −5◦ to 5◦ Galactic lat-
itude. Each viewing period covers a particular region of
the sky, and there were 40 viewing periods for our re-
gion of interest. These viewing periods were found using
Table 1 in the Third EGRET Catalog [12]. We list the
viewing periods used in Table II.
We split the data into 119 energy bins, with each bin
ranging in energy from Emin,i = 30 × 1.05i MeV to
Emax,i = 30 × 1.05i+1 MeV, where i ranges from 0 to
118. Since the photon index for the photon distribution
is 2.1, the average energy Eavg of photons in an energy
bin [Emin,Emax] is





The counts files can be used to calculate the number
of photons in each of the ten large bins listed in Table I,
from which the differential flux for each large bin can be
calculated. We also confirmed that the fluxes we calcu-
late from the events files are compatible with the fluxes
from the counts files, which is the most commonly used
EGRET data product.
With these quantities, we calculate the differential flux





where Ei is the average energy of one of the ten large
energy bins in Table I, n(Ei) is the number of photons
within that energy bin, ε(Ei) is the total exposure over
the viewing region within that energy bin, and ∆Ei is the
size of the energy bin. The quantities n(Ei) and ε(Ei) are
both summed over all viewing periods and all positions







We assume Gaussian errors in the photon energy. The
uncertainty in energy is calculated differently for the
counts data than for the events data. For the counts
data, the energy uncertainty equals half the bin size, as
shown in Table I. For the events data, the energy un-
certainty is just the median of the energy uncertainties
of the individual photons within that energy bin. The
small energy bins in our final flux are much smaller than
the energy uncertainty of the instrument. This is taken
into account in the analysis described in Section V. We
constructed two estimates of the differential flux. In one
estimate we used the counts files to calculate n(Ei), while
in the other estimate we used the events files to calculate
n(Ei). Results are shown in Fig. 1.
In order to reproduce the counts data from the events
file, we must reject photons with zenith angles greater
than 100◦ and energy uncertainties greater than 40% of
the photon energy. We are not able to match the two
fluxes at the first energy bin to within 25%. However,
for reasons discussed below, we discard energy bins below
0.1 GeV from our analysis.
Applying the same photon rejections, we construct a
differential flux with 119 energy bins. To calculate ex-
posures, we interpolate log[ε(En)] over log(En), where
En is an average energy for a large energy bin n, and
ε(En) is the same exposure for the large bin n used
for the ten large bins earlier. The flux along with the
flux uncertainty is shown in Fig. 2. Figs. 1 and 2 agree
with EGRET’s measurement of the diffuse gamma-ray
spectrum in the same region of sky, shown in Fig. 4 of
Ref. [13].
IV. DETERMINATION OF FLUCTUATIONS OF
GAMMA-RAY FLUX
We consider five traditional astrophysical sources for
the diffuse gamma-ray background from the Galaxy. In
3FIG. 1: The differential flux with ten energy bins.
FIG. 2: The photon differential flux using 120 energy bins.
the first source, nuclear interactions, cosmic rays col-
lide with nuclei in interstellar matter to produce neu-
tral pions, which decay mostly into gamma rays [14].
The second process is bremsstrahlung from cosmic-ray
electrons interacting with interstellar matter [14]. The
third process is inverse-Compton scattering of cosmic-
ray electrons with interstellar radiation [14]. The fourth
source, interior-point-source emission, comes from unre-
solved point sources within our Galaxy, such as gamma-
ray pulsars [15]. The fifth process, exterior-point-source
emission, is produced by unresolved point sources out-
side our Galaxy such as blazars [16]. Ref. [14] gives the
differential gamma-ray production functions for the nu-
clear and bremsstrahlung contributions. The production
functions are for the cosmic-ray spectrum in the solar
neighborhood. We assume the production functions at
the Galactic center are proportional to the production
functions in the solar neighborhood.
These five processes form a continuum background flux
of photons upon which the photons from WIMP anni-
hilation are superimposed. Inverse Compton and exte-
rior point sources are subdominant to the other three
sources near the Galactic center. We thus model the
background from nuclear interactions, bremsstrahlung,
and interior point sources, determining the amplitudes
of each of these three sources by fitting to the observed
flux.
The functional form of the differential flux to which we
fitted the data was thus F (E) = αFnuc(E)+βFbrem(E)+
σFint(E), where Fnuc(E), Fbrem(E), and Fint(E) are
the differential photon fluxes from nuclear interactions,
bremsstrahlung, and interior point sources, respectively,
and α, β, and σ are amplitudes determined by fitting the






































cm−2 s−1 sr−1 GeV−1, 5.0 GeV < E < 40 GeV.
(5)
We assume interior point sources to be gamma-ray pul-
sars. Three pulsars seen by EGRET were the Crab,
Geminga, and Vela pulsars, which have photon indices
of −2.12, −1.42, and −1.62, respectively [15]. We ap-
proximate the photon index as having the average value







cm−2 s−1 sr−1 GeV−1 . (6)
The fitted flux [Ffit(Ei)] and the subsequent contribu-
tions from each physical process are shown in Fig. 3.
4FIG. 3: The measured and model gamma-ray flux along with
contributions from nuclear interactions (nuc), bremsstrahlung
(brem), and interior point sources (int).
FIG. 4: The spectrum of actual counts, N(Ei), and the fitted
spectrum, Nfit(Ei).
V. ANALYSIS OF EXCESS PHOTONS IN
GAMMA RAY SPECTRUM
We next construct a residual number of counts by sub-
tracting the fitted number Nfit(Ei) = Ffit(Ei)ε(Ei)∆Ei
from the observed number N(Ei) of counts. The counts
N(Ei) and Nfit(Ei) are displayed in Fig. 4.
We take the residual spectrum to be the upper limit
to the number of photons in each energy bin that could
come from WIMP annihilation. However, to search for
the signal we must take into account the finite energy
resolution. With infinite energy resolution, the WIMP-
annihilation excess would appear as a monochromatic
peak over a smooth background distribution. However,
because of energy uncertainties, each photon captured
by EGRET will appear to have an energy equal to its
true energy plus an error, which we take to be Gaussian.









Thus, monochromatic photons will be spread over neigh-
boring energy bins. Because our bins are logarithmically
spaced, the Gaussian will appear skewed, but it will still
be distinguishable from the background spectrum.
Suppose our true spectrum before measurement con-
sists of a continuum C(Ei) produced by background ra-
diation and an excess Np of photons with energy Ep. Af-
ter measurement, the continuum will change shape but
remain smooth, while the excess will spread out as a
Gaussian profile over multiple bins. The Gaussian skews
negligibly, so we approximate the excess as a standard
Gaussian. Thus, we model the data D(Ei) as
D(Ei) = C(Ei) +Npfp(Ei), (7)











In Eq. (8), the denominator is summed over all energy
bins within 3σEp of the Gaussian central energy Ep. The





whereR(Ep) is the dimensionless resolution at energyEp.
The fractional full width at half-maximum (% FWHM),
or
√
2 ln 2 times twice the reciprocal of the resolution, is
shown for various energies in Fig. 20 in Ref. [11]. From
the % FWHM, we produce a table of resolution vs. en-
ergy, shown in Table III. We calculate the resolution at
each energy by interpolating log[R(E)] over log(E). Be-
cause the first value for R given in Table III is for energy
E = 100 MeV, we cannot extrapolate log(R) to lower en-
ergies with certainty. Therefore, we restrict our analysis
to the energy interval 0.1 GeV–10 GeV.
The number Np(Ei) can be deduced at each energy
bin in the spectrum by solving Eq. (7) for Np, assuming







5FIG. 5: Ratio of excess photons to the excess uncertainty.
due to continuum fluctuations. Most bins in the spec-
trum contain large numbers of photons. Therefore, we
average Np using gaussian statistics to calculate Np and
σNp , the value and uncertainty of the excess, for each
energy bin Ep greater than 100 MeV. The resulting ratio
of Np to σNp is shown in Fig. 5.
Fig. 5 does show statistically significant deviations of
the data from our model for the continuum. To determine
if this residual favors the Gaussian model, we compare χ2
for a Gaussian model to χ2 for a constant-excess model.
We calculate χ2 for both models over a ±3σEp range
centered at the excess center. The Gaussian is Npfp.
We also compare the residual with a constant excess Nc,
where dNc/dE is constant and Nc is proportional to the
energy-bin size. We normalize Nc such that the lowest
energy bin 3σEp from the Gaussian center has 10 pho-
tons. We compared χ2 for the excess at energies E = 210
MeV and E = 2000 MeV, two energies that have high ex-
cess photons to excess uncertainty ratios (see Fig. 5). At
both energies we found χ2 to be smaller for the constant
excess, a simpler model, than for the Gaussian. Thus,
we show that the residual does not favor the Gaussian
model, and we do not attribute any of these deviations
to a WIMP-annihilation line (see Fig. 6). Rather, it ap-
pears that there is some continuum contribution that our
analysis has not taken into account.
We therefore use Np to calculate an upper limit to the
line flux. This line flux is different from the differential
flux used in previous sections in that this flux is not di-
vided by the energy bin size. Since Np has positive and
negative values, we take the 2σ upper limit to the line
flux Φu(Ep) to be
Φu(Ep) =
{
(Np + 2σNp)/ε(Ei), Np ≥ 0,
2σNp/ε(Ei), Np < 0.
(11)
The 2σ upper limit to the line flux is shown in Fig. 7.
FIG. 6: The residual number of counts (crosses) and the ex-
pected Gaussian (solid curve) from a smeared line excess. The
top panel shows the residual and Gaussian at E = 210 MeV,
while the bottom panel shows the same at E = 2000 MeV.
The ratio of excess photons to excess uncertainty is high at
these energies. Notice in both panels the residual does not
resemble the Gaussian. For E = 210 MeV and E = 2000
MeV, respectively, χ2 for the Gaussian is 17.3 and 38.0 and
χ2 for the constant excess is 11.0 and 23.9. Thus, the Gaus-
sian model is not favored.
VI. UPPER LIMITS TO THE ANNIHILATION
CROSS SECTION
If WIMPs comprise the Galactic halo, then the flux of
line photons from WIMP annihilation is (for Majorana
WIMPs)






where Φ is the line flux of photons in units of photons
cm−2 s−1 sr−1, 〈σv〉γγ is the velocity-averaged cross sec-
tion for the WIMP to annihilate to two photons, mχ is
the WIMP mass (which is equal to the photon energy
Eγ), and ρχ is the density profile of the WIMP halo.
6FIG. 7: Upper limit to the line flux Φu from the Galactic
center.
The integral is along the line of sight, and dl is the dif-
ferential distance along the line of sight. The residual in
the previous Section gives the average line-of-sight line
flux within a 10◦ × 10◦ region around the Galactic cen-
ter. Therefore, we integrate Eq. (12) over our viewing
region to find the relation between 〈σv〉γγ and mχ.
The density profile of the WIMP halo must be known
in order to integrate Eq. (12). The functional form of
the halo density profile is motivated by theory and simu-
lations, with parameters chosen for consistency with the
measured Milky Way rotation curve. We assume the fol-
lowing parametrization of the density profile,
ρ(r) = ρ0
(r0/a)
γ [1 + (r0/a)
α](β−γ)/α
(r/a)γ [1 + (r/a)α](β−γ)/α
. (13)
Here, ρ0 is the local density of the halo at the Solar Sys-
tem; r0 is the distance from the Solar System to the
Galactic center, which we take to be 8.5 kpc; a is the
core radius; and α, β, and γ are parameters that deter-
mine the halo model. Various combinations of α, β, and
γ have been used in simulations and are of particular
interest. We chose to study the Ka and Kb profiles pro-
posed by Kravtsov et al. [17]; the NFW profile proposed
by Navarro, Frenk, and White [10]; and the modified
isothermal profile, or Iso, which is commonly used. These
profiles are listed in Table IV. The quantities ρ0 and a
are chosen for each profile so that the profile will account
for the Galactic rotation curve. These values are taken
from Fig. 5 in Ref. [18]. We insert each of these profiles
into Eq. (12) and integrate over our viewing region to
find the line flux Φ in terms of 〈σv〉γγ and mχ.
The resulting upper limit to the annihilation cross sec-
tion 〈σv〉γγ is shown in Fig. 8 as a function of WIMP
mass mχ for each halo model listed in Table IV.
TABLE IV: Parameters for each profile type.
Profile α β γ ρ0 (GeV/cm
3) a (kpc)
Ka 2 3 0.2 0.4 11
Kb 2 3 0.4 0.4 12
NFW 1 3 1 0.3 25
Iso 2 2 0 0.3 4
FIG. 8: The 2σ upper limits to the velocity-averaged annihi-
lation cross section 〈σv〉γγ as a function of WIMP mass for
various halo-density profiles.
VII. DISCUSSION
To illustrate the possible utility of this new bound,
we consider a toy model in which WIMPs are Majorana
fermions that couple to electrons via exchange of a scalar
boson (the U boson [19, 20]) of mass mU (assumed to be







where CU and fAe are axial couplings of the U boson to
the WIMP field χ and the electron field ψe, respectively.
Annihilation of WIMPs with O(MeV) masses to electron-
positron pairs has been considered as a possible expla-
nation [8] for the observed flux, Φ511 = 9.9
+4.7
−2.1 × 10−4
photons cm−2 s−1 [21], of 511-keV photons as mea-
sured at the Galactic center by the SPI camera on the
INTEGRAL satellite. In this scenario, positrons from
WIMP annihilation then annihilate with electrons in the
IGM to produce these 511-keV photons. The annihi-
lation rate—and therefore the cross section for annihi-
lation to electron-positron pairs and thus the coupling
CUfAe/m
2
U—are determined by the flux of 511-keV pho-
tons. More precisely, the 511-keV flux determines an up-
per bound to this annihilation rate, cross section, and
coupling, but we will here suppose the entire 511-keV
flux to be from positrons from WIMP annihilation.
7Ref. [22] pointed out that if WIMPs annihilate to
electron-positron pairs, they can also undergo annihi-
lation to an electron-positron-photon three-body final
state, a process we refer to as internal bremsstrahlung. If
〈σv〉e+e− is the cross section for annihilation to electron-
positron pairs (as calculated, e.g., in Refs. [19, 20, 23]),
then the differential cross section for bremsstrahlung of























where s = 4m2χ, s
′ = 4mχ(mχ − Eγ), and αe is the
fine-structure constant. The quantity E2γd〈σv〉Br/dEγ in-
creases roughly linearly with Eγ for Eγ < mχ and peaks
at a value (for our WIMP mass range of 0.1–10 GeV) less
than 10% smaller than the WIMP mass. The measured
upper limits to the flux were approximated in Ref. [22]
E2γdΦBr/dEγ . 7 × 10−3 MeV cm−2 s−1 sr−1 over the
energy range 1–100 MeV. This flux was averaged over a
region on the sky centered at the Galactic center from
−30◦ to 30◦ Galactic longitude and −5◦ to 5◦ Galactic
latitude. For the purposes of this illustrative exercise, we
extend this bound up to 10 GeV (roughly consistent with
the line limit we have derived).
Since each annihilation to an electron-positron pair
produces two 511-keV photons, the flux of 511-keV pho-





ρ2χ dl dΩ, (16)
where the dl integral is along the line of sight and the
dΩ integral is over the SPI camera’s field of view, a 16◦-
diameter circle around the Galactic center. Likewise, the








ρ2χ dl dΩ, (17)
where ∆Ω ≃ 0.182 sr is the solid angle over the 60◦ by
10◦ Galactic region mentioned earlier.
The two-photon annihilation cross section 〈σv〉γγ for
































for ξe ≤ 1. For our WIMP mass range 0.1–10 GeV, ξe ≪
1 and I(ξe) ≃ 1/2. The cross section for annihilation to
















FIG. 9: The 2σ upper limit to the ratio CUfAe/m
2
U as a func-
tion of WIMP mass for the NFW halo-density profile using






c is the mean-square center-of-mass ve-
locity and vc ≃ 220 km/s is the WIMP rotation speed,
assuming the electron energy Ee = mχ ≫ me and
mU ≫ mχ. We use Eqs. (18) and (20) to derive up-
per limits to the coupling CUfAe/m
2
U appearing in the
Lagrangian of Eq. (14).
Fig. 9 shows the upper limit, assuming an NFW
halo-density profile, to the coupling CUfAe/m
2
U from
measurements of the 511-keV line [8], the limit to the
bremsstrahlung-photon flux [22], and our 2σ limit to the
line-photon flux. We see that for the model assumptions
and WIMP mass range considered here, the limit to the
two-photon annihilation cross section are the strongest
of these three. At first, this result may seem surpris-
ing, given that the two-photon annihilation process is
higher order in αe, but this suppression is counteracted
by the helicity suppression of the cross section for anni-
hilation of Majorana fermions to electron-positron pairs.
Refs. [25, 26] considered also gamma-rays from in-flight
bremsstrahlung from e+e− pairs, but their analysis was
restricted to energies < 100 MeV.
Of course, this conclusion is not model independent,
and it may well be that other models—e.g., those in
which the dark-matter particle is a scalar [27]—can pro-
duce a larger ratio of 511-keV photons to line photons.
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